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Abstract: (1) Background: The development of highly efficient methods for removing hazardous
substances from the environment attracts increasing attention. Understanding the basic principles
of the removal processes using graphene materials is equally essential to confirm their application
efficiency and safety. (2) Methods: In this contribution, adsorption of pesticide dimethoate (DMT) on
graphene-based materials has been investigated on the molecular level. (3) Results: The experimental
results’ analysis revealed a cooperative binding mechanism of the DMT on the adsorption sites of
investigated materials—graphene oxide (GO) and industrial graphene (IG). The adsorption data were
analyzed using various adsorption isotherms to determine the thermodynamics of the adsorption
process. The experimental results were correlated with Density Functional Theory (DFT) calculations
of DMT adsorption on the model surfaces that appropriately describe the graphene materials’
reactive features. (4) Conclusions: Considering experimental results, calculated adsorption energies,
optimized adsorption geometries, and electronic structure, it was proposed that the dispersive
interactions determine the adsorption properties of DMT on plain graphene sites (physisorption).
Additionally, it was shown that the existence of vacancy-type defect sites on the surfaces could induce
strong and dissociative adsorption (chemisorption) of DMT.
Keywords: graphene; dimethoate; adsorption isotherms; adsorption energy; DFT
1. Introduction
Organophosphates (OPs) are among the most toxic substances to humans ever known
due to their ability to irreversibly inhibit enzyme acetylcholinesterase (AChE), which has
a substantial role in the transmission of neuronal impulses by the cholinergic neurons,
being present in both peripheral and central nervous system [1,2]. Despite well-known
hazardous effects on human health, they persist in agriculture, mainly as pesticides. Recent
studies have confirmed that extensive use of OPs induces drinking water contamination
in various agricultural areas worldwide [3,4]. In this view, finding reliable methods for
removing them from the environment is a matter of general interest. There is emerging
research dealing with the various methods for their removal from contaminated water,
including physicochemical methods (adsorption, electrochemical oxidation, and photocat-
alytic degradation) [5–8], chemical oxidation [9–12], and biological degradation [13–16].
Adsorption is particularly attractive for research and application, as it is simple to apply,
economical, and environmentally friendly, since no additional toxic chemicals are used [17].
Hence, finding appropriate and efficient adsorbent materials represents the main challenge
in this field.
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Graphene-based materials have been extensively studied as adsorbents in past
years [18,19] and have shown considerable effectiveness in removing organic and inorganic
contaminants. In our recent paper [20], three graphene-type materials have been tested as
adsorbents for OPs pesticides dimethoate (DMT) and chlorpyrifos (CPF). The spectroscopic
analysis of graphene oxide (GO) and industrial graphene (IG) in this study includes Raman
XRD, XPS (C 1s and O 1s spectra), and FTIR methods. IG has a high specific surface area
(SSA), 600 m2 g−1, with a relatively small concentration of oxygen functional groups and
effectively separated graphene layers. However, the aggregation of graphene sheets cannot
be excluded. GO with SSA of 10 m2 g−1 has a highly disordered structure and low fraction
of sp2 hybridized carbons due to a large concentration of different oxygen functional
groups attached to its surface. Due to a large concentration of oxygen functional groups,
this material is highly hydrophilic and easily dispersed in water with effectively separated
sheets and the broadcast material. The XPS method confirmed a significant variation in
the C/O ratio among the studied adsorbents and GO with almost 30 at% oxygen. The
adsorbent, denoted as IG, contains approximately 6 at% oxygen and a largely preserved π
electron system.
The extensive characterization of the material structure and adsorption efficiency
revealed that relatively subtle differences in adsorbent structure (e.g., the distance between
graphene sheets and surface concentration of defects) could bring vast differences in
adsorption efficiency by a few orders of magnitude [21]. Such a result emphasizes a need
for a deeper understanding of the adsorption properties and mechanism of adsorbent–
adsorbate interaction to assure functionality and predict optimal adsorbent properties for
the application. The involvement of theoretical chemistry methods and the development
of reliable theoretical and empirical models to describe adsorption is crucial at this point of
research [22–24].
This contribution aimed to elucidate the adsorption mechanism and analyze thermo-
dynamical properties of the interaction between OP DMT and two types of commercial
graphene surfaces, industrial graphene (IG) and graphene oxide (GO). Several adsorption
isotherms [25], and the methods developed for the description of the interaction between
macromolecules (graphene surfaces) and ligands (DMT) were applied [26] to better un-
derstand the formation of DMT–graphene composites and to estimate the cooperativity
of the adsorbate binding. In parallel, a theoretical model of graphene-type surfaces based
on density functional theory (DFT), which also took into account surface defects typically
present on IG and GO, was established, and DMT adsorption energies on the prepared
model surfaces were calculated. Finally, experimentally observed adsorption efficiency
on two different adsorbents was discussed on the molecular level, in light of the results
obtained from the experimental study and DFT model.
2. Materials and Methods
2.1. Chemicals
The commercially available Graphene Oxide Powder (GO) and Industrial-Quality
Graphene (IG) were purchased by ACS Material, Pasadena, CA, USA. IG represents light
black flakes, with thickness ≤ 3.0 nm and BET surface area near 600 m2g−1. GO is a grey–
green powder with particle diameter between 1~15 µm, thickness 0.8~1.2 nm, and specific
surface area 5–10 m2g−1 [27,28]. DMT (O,O-dimethyl S-[2-(methylamino)-2-oxoethyl]
dithiophosphate) [29] was obtained by Pestanal, Sigma Aldrich, Denmark. The stock
solution 1 × 10−1 mol dm−3 solution was prepared in 10% ethanol (EtOH) and kept in the
refrigerator before use. The working solutions were made by the dilution of the appropriate
aliquot in doubly distilled water. The 3D DMT structure is presented in Figure 1.
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Figure 1. 3D structure of DMT. Horizontal and vertical lines represent the dimensions of the rec-
tangular box used for estimation of the size of the adsorption site (Section 3.1.1). Color code: Car-
bon= black, sulfur = light yellow, phosphorus = yellow, oxygen = dark red, hydrogen = turquoise, 
nitrogen = grey. 
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adsorbent and DMT were placed on a laboratory shaker (Orbital Shaker—incubator ES-
20, Grant—bio) and left overnight at 25 °C until the equilibrium was reached. The pH was 
around 6 (±0.2) in all the cases without the addition of any buffer. After equilibration, the 
mixtures were centrifuged for 10 min at 14,500 rpm, and the supernatant was filtered 
through a nylon filter membrane. The concentration of DMT was determined using UPLC 
analysis. The control experiments confirmed that there was no DMT degradation within 
the time of equilibration. The adsorption isotherms were constructed as the dependence 
of the DMT-free concentration on the adsorbent dose. 
2.3. Apparatus 
A Waters ACQUITY ultra-performance liquid chromatography (UPLC) system (Mil-
ford, MA, USA) coupled with a DAD detector controlled by the Empower software was 
used to determine DMT concentration in supernatant. Acetonitrile for liquid chromatog-
raphy was purchased from J. T. Baker Phillipsburg, New Jersey, USA, (HPLC Quality); 
chromatographic separations for DMT determination were run on an ACQUITY UPLC™ 
BEH C18 column with the dimensions 1.7 μm, 100 × 2.1 mm (Waters). The isocratic con-
ditions with the mobile phase consisting of 10% acetonitrile and 90% water (v/v) were 
applied with the eluent flow rate of 0.2 mL min−1 and the injection volume of 10 μL. Under 
the described conditions, the retention time was 1.73 ± 0.05 min. 
2.4. Theoretical Calculations 
DFT calculations were performed using periodic Pwscf code of Quantum ESPRESSO 
(QE) (v. 6.0) [30]. Employed ultrasoft pseudopotentials were based on GGA-PBE approx-
imation for exchange-correlation functional [31]. Cutoff energy for plane waves was set to 
40 Ry, while charge density cutoff was 600 Ry. The electronic convergence criterion was 
set to 10−6 eV. The vacuum between slabs was set to at least 25 Å to minimize interaction 
between periodic images. The relaxation was performed until the residual forces were 
below 0.005 eV Å−1. Van der Waals interactions were included through the DFT + D3 
scheme of Grimme [32]. Graphene slab cells (3 × 3) and (6 × 6) consisted of 32 and 128 
atoms, respectively. A sampling of k-points was performed using the Monkhorst–Pack 
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2.2. Adsorption Studies
The desired amount of adsorbents (50–2000 mg dm−3) was dispersed in double
distilled water before adding the appropriate aliquots of DMT. The vessels containing the
adsorbent and DMT were placed on a laboratory shaker (Orbital Shaker—incubator ES-20,
Grant—bio) and left overnight at 25 ◦C until the equilibrium was reached. The pH was
around 6 (±0.2) in all the cases without the addition of any buffer. After equilibration,
the mixtures were centrifuged for 10 min at 14,500 rpm, and the supernatant was filtered
through a nylon filter membrane. The concentration of DMT was determined using UPLC
analysis. The control experiments confirmed that there was no DMT degradation within
the time of equilibration. The adsorption isotherms were constructed as the dependence of
the DMT-free concentration on the adsorbent dose.
2.3. Apparatus
A Waters ACQUITY ultra-performance liquid chromatography (UPLC) system
(Milford, MA, USA) coupled with a DAD detector controlled by the Empower software was
used to determine DMT concentration in supernatant. Acetonitrile for liquid chromatog-
raphy was purchased from J. T. Baker Phillipsburg, New Jersey, USA, (HPLC Quality);
chromatographic separations for DMT determination were run on an ACQUITY UPLC™
BEH C18 column with the dimensions 1.7 µm, 100 × 2.1 mm (Waters). The isocratic condi-
tions with the mobile phase consisting of 10% acetonitrile and 90% water (v/v) were applied
with the eluent flow rate of 0.2 mL min−1 and the injection volume of 10 µL. Under the
described conditions, the retention time was 1.73 ± 0.05 min.
2.4. Theoretical Calculations
DFT calculations were performed using periodic Pwscf code of Quantum ESPRESSO
(QE) (v. 6.0) [30]. Employed ultrasoft pseudopotentials were based on GGA-PBE approxi-
mation for exchange-cor lation functional [31]. Cutoff energy for plane waves was set to
40 Ry, while charge density cu off was 600 Ry. The electronic convergence criterion was set
to 10−6 eV. The vacuum between slabs w s set to at least 25 Å t minimize interaction be-
tween periodic images. The relaxation was performed until the residual forces were below
0.005 eV Å−1. Van der Waals int ractions wer includ d through the DFT + D3 scheme
of Grimm [32]. Graphene slab cells (3 × 3) and (6 × 6) consisted of 32 nd 128 atoms,
respectively. A sampling of k-points was performed using the Monkhorst–Pack scheme
(4 × 4 × 1 k-points for 32-atom cell and 2 × 2 1 k-points for 128-atom cell) [33]. The
isolated dimethoate molecule was optimized in a 50 × 50 × 50 Å3 cell, using only gamma
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k-point and Martyna–Tuckermann correction for isolated molecules, as implemented in
QE [30]. Adsorption energy (Eads) was calculated from the difference between total en-
ergy of the graphene with adsorbed organophosphate (Egraphene+OP), and the sum of total
energies of the empty graphene slab (Egraphene) and isolated organophosphate molecule
(EOP,isol):





The electronic structure of bands was calculated using the projwfc.x code of QE,
while the Bader [34] code was used to calculate charge transfer. Molecular structures are
visualized using XCrysDen software (v.1.6.2) [35].
3. Results
3.1. Dimethoate Interaction with IG and GO Surfaces
3.1.1. Hill and Scatchard Analysis
Several experiments were performed to elucidate the reaction mechanism of DMT
interaction with IG and GO surfaces. Here, we used the approximation of the bimolecular
interaction between biological macromolecules and the ligand, considering DMT as the
ligand and adsorbents as macromolecules (receptors) with several binding sites [36,37]. The
DMT molecule was regarded as the box with the dimensions 10× 3× 3 nm. Its flat position
on graphene surfaces was considered the energetically preferred orientation on the covers,
as confirmed by DFT calculations (Section 3.2.1). The theoretical maximal concentration
of binding sites (BS) for DMT on macromolecules (CBS-total) corresponds to the complete
monolayer covering with the ligand and is expressed as the molar concentration of BS per
g of graphene material. It was calculated from the specific surface of the adsorbent [27,28]





Here, Σ represents the specific surface of the graphene material obtained by the
producer [38,39], σ—maximal estimated surface of a single adsorption site (10 × 3 Å for a
DMT molecule in the flat orientation), γ—mass concentration of graphene in g dm−3, and
NA is the Avogadro number. Using Equation (2), the calculated values of CBS-total for GO
and IG are 300 mol g−1 and 2.4 × 104 mol g−1, respectively.
The first set of experiments in a water suspension of IG and GO was performed by
keeping DMT concentration fixed (5 × 10−4 mol dm−3) at 25 ◦C and pH 6, while the
surfactant concentration varied in the range from 0.05–2 g dm−3. In the second series
of experiments, adsorbent concentrations were constant (0.25 and 2 g dm−3), and the
adsorption of DMT was dependent on its concentration in the mixture. In all cases, the
water solutions were stirred for 24 h to achieve equilibrium in the homogeneous suspension.
The equilibrium-free pesticide concentration was measured from the supernatant after
separation of adsorbent by centrifugation and filtration. Finally, the concentration of
adsorbed DMT was calculated as the difference between the initial and equilibrium values.
The results presented in Figure 2 indicate that sigmoid-shaped dependences of ad-
sorbed DMT on its equilibrium concentration were obtained in all cases. This reaction
mechanism can be described by Hill and Scatchard models [26,40–42], which provide
information about the type of the ligand–macromolecule interaction and discriminates
between the random and cooperative process of DMT binding mode on a graphene surface.
Moreover, these models enable us to determine if there was an interaction between the BS
where the ligands’ subsequent binding depended on the BS number. Experimental values
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Figure 2. (a) Dependence of adsorbed on equilibrium DMT concentration on 2 g dm−3 IG and GO; (b) dependence of 
adsorbed DMT concentration on IG and GO (inset) binding sites (𝐶 ) in the suspension containing 5 × 10−4 mol dm−3 DMT 
after equilibration at 25 °C. 
In the case of random binding, Equation (4) should be the straight line, since cooper-
ative binding results in a humped curve, which rises to a maximum and then declines to 
0 with the intercept at x-axis equal to 𝑁, i.e., the total concentration of occupied BS per 
mol of the macromolecule surface. Equation (5) represents the modified Hill plot [36,37]. 
Here, 𝐾  is the ligand–macromolecule association constant. As the example, Figure 3 
represents the Equations (4) and (5) for DMT adsorption on 2 g dm−3 IG and 0.25 g dm−3 
GO surfaces. 































































i r 2. ( ) e f a sor e on equilibri T concentratio on 2 g dm− f
adsorbed T concentration on I and (inset) binding sites (CBS) in the suspension containing 5 × 10−4 mol dm−3
DMT after equilibration at 25 ◦C.
Here, Cads is the c ncentration of bounded DMT molecules on the active sites of a
receptor, i.e., th occupied BS, Cmax is yi lding to th maximal number of occupied BS, Ceq
is the free concentration of adsorb te, which is in equilibrium with bound ligands, Kdiss is
the appar nt microscopic dissociation constant of adsorbent–adsorbate composite, and nH
is th Hill coefficient describing cooperativity of l gand–m cromolecul interaction. The
sults were analyzed in par llel by applying the Scatchard model to study the bin ing
mode and estimate the binding parameters according to Equation (4) and Equation (5):
(Cads/CBS)/Ceq = NKads + (Cads/CBS)Kads (4)
ln Ceq = −1/nH ln(N/(Cads/CBS)− 1) + ln Kads (5)
In the case of random binding, Equation (4) should be the straight line, since coop-
erative binding results in a humped curve, which rises to a maximum and then declines
to 0 with the intercept at x-axis equal to N, i.e., the total concentration of occupied BS per
mol of the macromolecule surface. Equation (5) represents the modified Hill plot [36,37].
Here, Kads is the ligand–macromolecule association constant. As the example, Figure 3
represents the Equations (4) and (5) for DMT adsorption on 2 g dm−3 IG and 0.25 g dm−3
GO surfaces.
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Figure 3. Scatchard plots (Equation (4)) for DMT interaction with (a) 2 g dm−3 IG and (b) 0.25 g dm−3
GO. Inset: Hill plots (Equation (5)).
It is worth noticing that Equation (4) represents the humped curve for all experiments,
which is characteristic of cooperative binding. Moreover, Equation (5) is sensitive to N,
and its linearity was tested for selected N values obtained from the end point of adsorption
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curves, which indicate DMT concentration bound per mol of IG or GO binding sites.
The mean values of the obtained parameters of reaction mechanism obtained from the
performed experiments are given in Table 1.
Table 1. Maximal DMT concentration per g of adsorbents (Cmax), apparent dissociation and adsorp-
tion constants of DMT–adsorbent composite (Kdis, Kads), Hill coefficient (nH) and number of occupied
binding sites as mol BS per g of adsorbents (N) for DMT binding on IG and GO surfaces.
Adsorption Parameters IG GO
Cmax/mol dm−3 g−1 (3.16 ± 1.20) × 10−4 (2.44 ± 1.45) × 10−5
Kdis/mol dm−3 (6.78 ± 2.5) × 10−4 (5.09 ± 3.01) × 10−5
Kads/mol−1 dm3 1.47 × 103 1.96 × 104
nH 1.94 ± 0.36 1.82 ± 0.25
N 5.47 × 10−2 0.57
R2 0.9994 0.9916
3.1.2. Adsorption Isotherms and Standard Gibbs Free Energy
For the proper understanding and interpretation of the adsorption process on selected
surfaces, the equilibrium of adsorption of DMT on 0.25 and 2 g dm−3 graphene adsorbents
was evaluated using Langmuir, Liu, and Dubinin-Raduskievich (DR) isotherm models [17,25].
The following equations (Equations (6)–(8)) were applied to the experimental data presented
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𝐺/kJ mol−1 −27 ± 6 −31 ± 14 
Liu 
𝑞 /mol dm−3g−1 6.36 × 10−4 2.81 × 10−5 𝐾 /dm3mol−1 380 ± 184 (5.8 ± 0.6) × 103 𝑛  1.60 ± 0.14 0.61 ± 0.05 𝑅  0.9993 0.9979 
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i r . ri t l t ( i ts) for (a) 2 g dm− ( ) . 3 IG and GO fitted ith Lan ir ( l ), i (red),
and Dubinin–Raduschevich (green) adsorption isotherms.
Here, qe represents adsorption capacity (ceq/γ), C = cs/ceq, ceq is the equilibrium
c centration of adsorbate, cs is the saturation concentrat on of dim thoate in water (for
diluted solutions ceq/cs << 1), R is he universal gas con tan , T is temperature, and qmax,
qDR, and ng re parameters obtained from fitting using equations in Equations (6)–(8). KL,
Kg, and KDR represent Langmuir, Liu, and ubinin–Radushkevich isotherm constants,
respectively, related to adsorption’s energy. The experimental results were fitte to the
above-listed adsorption models and are present d in Figure 4 as lines. The igh values
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of the correlation coefficient R2 suggest that the values calculated for both adsorbents
are reliable.
The thermodynamic parameters of adsorption were evaluated using KL and Kg con-
stants, as reported previously [43]. Gibbs free energy of adsorption (∆G) was calculated
according to the equation proposed by Zhou [44]:





In water solutions, C0 represents the standard activity of water (55.5 mol dm−3).
DR isotherm equation parameter KDR was used to calculate the mean adsorption energy
(absolute value) according to the relation [45–47]:∣∣Eads, mean∣∣ = (−2KDR)−1/2 (10)
The mean values of isotherm parameters and energy calculated from these parameters
are listed in Table 2. A satisfactory agreement was achieved by various models, suggesting
the monolayer adsorption on the energetically homogeneous surface [25].
Table 2. Mean values of fitting parameters of Langmuir, Liu, and Dubinin–Raduschevich models for
two datasets with a constant graphene concentration (0.25 and 2 g dm−3).
Adsorption Isotherm Models Adsorption Isotherm Parameters IG GO
Langmuir
qmax/mol dm−3g−1 4.38 × 10−4 3.04 × 10−5
KL/dm3mol−1 (1.3 ± 0.3) × 103 (5.0 ± 2.3) × 103
R2 0.9895 0.9620
∆G/kJ mol−1 −27 ± 6 −31 ± 14
Liu
qmax/mol dm−3g−1 6.36 × 10−4 2.81 × 10−5
Kg/dm3mol−1 380 ± 184 (5.8 ± 0.6) × 103
ng 1.60 ± 0.14 0.61 ± 0.05
R2 0.9993 0.9979
∆G/kJ mol−1 −24 ± 12 −31 ± 4
Dubinin–Raduschevich
qmax/mol dm−3g−1 8.51 × 10−4 5.19 × 10−5
KDR/mol2kJ−2 −4.63 × 10−3 −3.11 × 10−3
R2 0.9997 0.7973
|Eads, mean |/kJ mol−1 1039 1269
All three quantities—∆G (from Langmuir and Liu models), Eads (from DFT calcula-
tions), and
∣∣Eads, mean∣∣ (from DR model) in general describe the strength of surface/adsorbate
interaction. Obtained negative ∆G values of adsorption in all investigated cases confirm
that adsorption at 298 K is exothermic. Moreover, ∆G values from Langmuir and Liu
isotherms are in good agreement with DFT calculated values of adsorption energy Eads
(Section 3.2.1, Table 3). Additionally,
∣∣Eads, mean∣∣ from DR isotherm is considerably lower
compared to DFT calculated Eads. The latter comparison with DR isotherm, however,
should be taken with reserve, as
∣∣Eads, mean∣∣ is not the exact thermodynamic quantity, but
rather a parameter related to adsorption strength.
In the independent experiment, 0.250 mg/mL GO was used for adsorption of
5 × 10−4 mol dm−3 DMT as the model system to assess the temperature effect on the
adsorption process. A slight increase of sorbed DMT concentration (5.90 × 10−6 mol dm−3,
6.53 × 10−6 mol dm−3, and 7.98 × 10−6 mol dm−3 at 298, 303, and 308 K, respectively)
was observed. It is worth noticing that DMT adsorption’s temperature effects some similar
commercial graphene materials (SM GO and GNA GO), indicating the same temperature-
dependent trend (to be published). This behavior is characteristic for chemical adsorption
due to the high energy of activation when the extent of adsorption rate increases initially
and could decrease as the temperature increased further.
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Table 3. Initial (input) and final (optimized) DMT adsorption geometries, optimized adsorption energies (Eads) on pristine
graphene, and surface-to-adsorbate charge transfer in electrons, per molecule (CT to DMT).
Orientation
Geometry Eads CT to DMT (e−)
Initial Final eV kJ mol−1
S−binding
6 × 6
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Despite negative adsorption energies, optimized geometries are characterized by re-
markably large closest substrate-to-adsorbate distances (2–3 Å), independently of the in-
put geometry, and quite a small charge transfer—not exceeding 0.01 electron per adsorb-
ate molecule. These results point to the dispersive interactions included in this model in-
directly, through Van der Waals corrections, as the main factor determining DMT adsorp-
tion on pristine graphene. The total electronic density of states (DOS) of pristine graphene, 
and graphene with adsorbed DMT in preferential adsorption geometry, is represented in 
Figure 5. 





















Figure 5. Total electronic density of states (DOS) of pristine graphene, compared to the graphene with adsorbed DMT, for 
(a) 6 × 6 supercell and (b) 3 × 3 supercell. Fermi level is taken as energy zero. Grey surface—isolated DMT, red line—
pristine graphene, blue line—graphene with adsorbed dimethoate. 
This graph represents the energy distribution of electronic density—every peak, in 
essence, represents an electronic energy band. In this manner, the possible chemical bond 
formation would be reflected through novel bands’ appearance upon adsorption. Simul-
taneously, the downshift of bands on the graph would point to the system’s energy stabi-
lization. As evident from Figure 5, in the case of a 6 × 6 graphene supercell, there is no 
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3.2. DFT Prediction of Dimethoat Adsorption
3.2.1. DMT Ads rption on Pristine Graphene
DFT calculations of dsorption energy a d el ctronic structure were performed to
confirm previous find gs nd provide de per nsight in o th ads r tion process on the
molecular level. The surface model was built to adequately describe the surface features
of both IG and GO that could be of potential interest for their interaction with the DMT
molecule. Several defect model surfaces—the Stone–Wales defect, N-defect, oxydefect, and
monovacancy defect were considered along with adsorption on ristine graphene.
Adsorption on istine graphene in a 6× 6 graphene supercell was investigated in two
initial adsorption geometries for DMT: S-binding and O-binding. Both initial geometries
and corresponding optimized (final) geometries are depicted in Table 3. Adsorption
energies, calculated for optimized geometries of DMT, are also presented in Table 3, along
with the total calculated transfer of electrons from surface to adsorbate.
Obtained adsorption energies corroborate the experimental findings—that dimethoate
binding on graphene is thermodynamically favorable, most likely due to physisorption.
Appl. Sci. 2021, 11, 4014 9 of 15
Moreover, higher adsorption strength in a smaller (3 × 3) supercell implies that the adsorp-
tion energy depends on the surface coverage in the investigated range.
Despite negative adsorption energies, optimized geometries are characterized by re-
markably large closest substrate-to-adsorbate distances (2–3 Å), independently of the input
geometry, and quite a small charge transfer—not exceeding 0.01 electron per adsorbate
molecule. These results point to the dispersive interactions included in this model indi-
rectly, through Van der Waals corrections, as the main factor determining DMT adsorption
on pristine graphene. The total electronic density of states (DOS) of pristine graphene,
and graphene with adsorbed DMT in preferential adsorption geometry, is represented in
Figure 5.
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This graph represents the energy distribution of electronic density every peak, in
essence, represents an electronic energy band. In this manner, the possible chemical
bond formation would be reflected through novel bands’ appearance upon adsorption.
Simultaneously, the downshift of bands on the graph would point to the system’s energy
stabilization. As evident from Figure 5, in the case of a 6 × 6 graphene supercell, there is
no significant modification of graphene band structure upon adsorption of dimethoate. On
the other hand, in the case of a 3 × 3 supercell, there is some peak intensity increase and
broadening of bands between −1 and −5 eV vs. Fermi level (more obvious compared to 6
× 6 due to the smaller cell size). Still, none of these changes undoubtedly point to some
chemical interaction between surface and adsorbate.
3.2.2. Adsorption of DMT on Defect Graphene Surfaces
After adsorption on pristine graphene, the investigation is expanded to four defect
graphene model surfaces, in a 3 × 3 graphene supercell—Stone–Walles (SW) defect, N-
defect, oxydefect, and monovacancy (MV) defect (Figure 6). As mentioned in the previous
section, these surface models are designed to represent the most representative surface
features expected on the graphene surface and predict possible causes of altered reactivity
of the investigated surfaces compared to pristine graphene. It should be emphasized that
the structure of real (particularly oxygen-containing) surface groups may be considerably
different from the oxydefect model (hydroxyl groups, carboxyl groups, etc.). However, it is
expected that the model accurately describes at least the trends in the adsorption reactivity
when oxygen is introduced. Similarly, the monovacancy defect is present on both IG and
GO in a small amount (for example, on unsaturated edges). Still, it exhibits significant
theoretical importance, since its increased reactivity might trigger considerable chemical
Appl. Sci. 2021, 11, 4014 10 of 15
changes in the system [48]. Optimized adsorption geometries of DMT on investigated
surfaces, together with Eads and charge transfer, are given in Table 4.
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Figure 6. Investigated defect model surfaces (3 × 3 graphene supercell): (a) monovacancy (MV)
defect, (b) oxydefect, (c) SW defect, and (d) N-defect (carbon = black, oxygen = red, nitrogen = grey).
As observed from the obtained results, adsorbate behavior and reactivity on defect
model surfaces—SW, oxydefect, and N-defect—is similar to the one on pristine graphene,
at least because of adsorption energetics and surface-to-adsorbate distance. Adsorption
energy values are close to pristine graphene in 3 × 3 cell. Additionally, the formation
of a particular chemical bond between the surface oxygen and DMT has not been de-
tected. There was no charge transfer exceeding 0.012 e, and the PDOS structure changes
(Figure S1, Supplementary material) are not likely to originate from chemical changes.
However, in the case of the MV defect, geometry optimization results in dimethoate dis-
sociation, pointing to the substantially different MV defect reactivity compared to other
investigated surfaces (Table 4). The dissociation represents a chemical change, where DMT
oxygen or sulfur atoms (depending on the input geometry) are incorporated into the va-
cant site of the graphene structure. This process resulted in the overall stabilization of
the system by 2.35 eV in case of O-binding, and 2.43 eV in case of S-binding geometry
(Equation (1), Table 4). As observed, the dissociation process is more complex than simple
non-dissociative chemisorption, electron transfer was not calculated for the case of MV
defect, while “adsorption energy” rather refers to “stabilization energy”, denoted by “≈”
sign in Table 4. Figure 7 represents the DOS structure of graphene with the MV defect,
before and after adsorption of DMT. Widening of DOS peaks is obvious, particularly for
the peaks from the Fermi level to about −2.5 eV. Particularly, the appearance of a DOS min-
imum at the Fermi level represents the evidence of system stabilization upon dimethoate
adsorption on MV-defect surface.
Based on the overall results of DFT calculations, a conclusion can be drawn that the
intrinsic affinity of graphene towards adsorption of dimethoate is not influenced by the
introduction of any among the investigated surface defects, except the MV defect, which
induces dimethoate dissociation.
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Table 4. Adsorption energies (Eads) and surface-to-adsorbate charge transfer (CT) (e−) of DMT adsorption on graphene
model surfaces. Optimized adsorption geometries are depicted.
Surface Model
Geometry Eads CT to DMT (e−)
Initial Optimized eV kJ mol−1
SW-defect
S-binding
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Table 4. Cont.
Surface Model
Geometry Eads CT to DMT (e−)
Initial Optimized eV kJ mol−1
O-binding
























































































































































































































































As observed from the obtained results, adsorbate behavior and reactivity on defect 
model surfaces—SW, oxydefect, and N-defect—is similar to the one on pristine graphene, 
at least because of adsorption energetics and surface-to-adsorbate distance. Adsorption 
energy values are close to pristine graphene in 3 × 3 cell. Additionally, the formation of a 
particular chemical bond between the surface oxygen and DMT has not been detected. 
There was no charge transfer exceeding 0.012 e, and the PDOS structure changes (Figure 
S1, Supplementary material) are not likely to originate from chemical changes. However, 
in the case of the MV defect, geometry optimization results in dimethoate dissociation, 
pointing to the substantially different MV defect reactivity compared to other investigated 
surfaces (Table 4). The dissociation represents a chemical change, where DMT oxygen or 
sulfur atoms (depending on the input geometry) are incorporated into the vacant site of 
the graphene structure. This process resulted in the overall stabilization of the system by 
2.35 eV in case of O-binding, and 2.43 eV in case of S-binding geometry (Equation (1), 
Table 4). As observed, the dissociation process is more complex than simple non-dissoci-
ative chemisorption, electron transfer was not calculated for the case of MV defect, while 
“adsorption energy” rather refers to “stabilization energy”, denoted by “≈” sign in Table 
4. Figure 7 represents the DOS structure of graphene with the MV defect, before and after 
adsorption of DMT. Widening of DOS peaks is obvious, particularly for the peaks from 
the Fermi level to about −2.5 eV. Particularly, the appearance of a DOS minimum at the 
Fermi level represents the evidence of system stabilization upon dimethoate adsorption 
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4. Discussion 
The experimental studies of DMT interaction with selected graphenes suggest that 
adsorbate binding is a cooperative process. The positive, cooperative binding is confirmed 
by Hill and Scatchard analysis of binding curves, which exert the characteristic sigmoid 
shape and Hill coefficient close to 2. This behavior indicates that once one ligand molecule 
is bound to the macromolecule, its affinity for other ligand molecules increases. It is also 
found previously by applying the same models on some dye nanoparticles composites 
[36,37]. According to 𝐾  values, the interaction between DMT and GO surface yields a 
more stable associate. However, the maximum amount of adsorbed DMT per gram of 
adsorbate is higher for IG. This finding is to some extent corroborated by slightly larger 
Gibbs free energies (within the level of estimated uncertainty values) of adsorption ob-
tained for GO, compared to IG. However, except for these indications, there is still no 
exact proof that GO is an intrinsically better adsorbent than IG. 
Moreover, DMT adsorption on both GO and IG surfaces is an exothermic process, 
with the Gibbs free energy of adsorption in the approximate range of −10 to −30 kJ mol−1. 
Similar 𝐾  and 𝐺 values were obtained for both Langmuir and Liu models, and these 
values correspond to physisorption rather than chemisorption. The results are also well 
fitted with DR isotherm equation, confirming that physisorption with a specific distribu-
tion of energies might occur. 
The results of DFT model, in general, corroborate the experimental findings that phy-
sisorption mainly occurs. Based on the obtained results, efficient DMT adsorption on gra-
phene is likely to originate from (1) dispersive interactions between surface and adsorbate 
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4. Discussion
The experimental studies of DMT interaction with selected graphenes suggest that
adsorbate binding is a cooperative process. The positive, cooperative binding is confirmed
by Hill and Scatchard analysis of binding curves, which exert the characteristic sigmoid
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shape and Hill coefficient close to 2. This behavior indicates that once one ligand molecule
is bound to the macromolecule, its affinity for other ligand molecules increases. It is also
found previously by applying the same models on some dye nanoparticles composites [36,37].
According to Kads values, the interaction between DMT and GO surface yields a more stable
associate. However, the maximum amount of adsorbed DMT per gram of adsorbate is higher
for IG. This finding is to some extent corroborated by slightly larger Gibbs free energies
(within the level of estimated uncertainty values) of adsorption obtained for GO, compared to
IG. However, except for these indications, there is still no exact proof that GO is an intrinsically
better adsorbent than IG.
Moreover, DMT adsorption on both GO and IG surfaces is an exothermic process,
with the Gibbs free energy of adsorption in the approximate range of −10 to −30 kJ mol−1.
Similar Kg and ∆G values were obtained for both Langmuir and Liu models, and these
values correspond to physisorption rather than chemisorption. The results are also well
fitted with DR isotherm equation, confirming that physisorption with a specific distribution
of energies might occur.
The results of DFT model, in general, corroborate the experimental findings that
physisorption mainly occurs. Based on the obtained results, efficient DMT adsorption on
graphene is likely to originate from (1) dispersive interactions between surface and adsor-
bate and (2) chemical binding and dissociation on the unsaturated vacancy-type defects
and edges (if any). Namely, adsorption of DMT on graphene can be significantly influenced
by the introduction of vacancy-type defects. Thus, the structure of surface defects can
decide between the chemical and physical nature of the adsorption. However, it should be
kept in mind that such reactive vacancy-type defects are unstable in aqueous media and
are easily oxidized by any oxygen species present in the solution [49,50]. Corresponding
oxydefect and N-defect models, describing such oxidized (and nitrogen-saturated) features
on the surface, exhibited considerably lower reactivity in adsorption, similar to pristine
graphene reactivity.
Obtained results generally point to the fact that, despite some structural differences,
the adsorption process of DMT on both IG and GO surfaces is determined by the same
principles. The surface area of the adsorbent mainly determines the adsorption efficiency.
Additionally, this study represents a successful step forward in ab initio modeling of
adsorption of large adsorbates on carbonaceous materials. Obtained findings represent
a basis for further development in this field: introducing more complex surface models,
building the semiempirical models, evaluating the effects of solvent, etc.
5. Conclusions
A detailed experimental and theoretical analysis of DMT adsorption on two types of
graphene surface—IG and GO—gives insight into the fundamental adsorption principles
on the level of molecular interactions. Hill and Scatchard analysis pointed to the fact that
the DMT binding on investigated surfaces is cooperative—binding of multiple molecules
on the surface is facilitated. The evaluation of thermodynamical parameters using the
Langmuir, Liu, and Dubnin–Radustciewitch isotherm model revealed that the adsorption
is exothermic, and average adsorption strength corresponds to physisorption rather than
chemisorption. DFT calculations of DMT adsorption on the graphene model confirmed
that the adsorption process is thermodynamically favorable on pristine graphene and
investigated defect model surfaces, with adsorption energies of an order of magnitude
0.5–1 eV per DMT molecule. Moreover, when the adsorption surface is flat, without elec-
tronic defects, adsorption is mainly determined by Van-der-Waals forces (physisorption). In
contrast, if the unsaturated vacancy-type defects are present, adsorption energy increases
significantly (chemisorption).
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11094014/s1, Figure S1: Total electronic densities of states (DOS) of SW defect graphene,
oxydefect graphene, N-defect graphene and monovacancy defect graphene compared to the pristine
graphene with adsorbed DMT.
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of 3,3′-disulfopropyl-5,5′-dichlorothiacyanine anion interaction with citrate-capped silver nanoparticles: Adsorption and J-
aggregation. J. Phys. Chem. C 2016, 120, 18066–18074. [CrossRef]
38. Rasmussen, J.J.; Wiberg-Larsen, P.; Baattrup-Pedersen, A.; Cedergreen, N.; McKnight, U.S.; Kreuger, J.; Jacobsen, D.; Kristensen,
E.A.; Friberg, N. The legacy of pesticide pollution: An overlooked factor in current risk assessments of freshwater systems. Water
Res. 2015, 84, 25–32. [CrossRef]
39. Wang, X.; Xing, H.; Jiang, Y.; Wu, H.; Sun, G.; Xu, Q.; Xu, S. Accumulation, histopathological effects and response of biochemical
markers in the spleens and head kidneys of common carp exposed to atrazine and chlorpyrifos. Food Chem. Toxicol. 2013, 62,
148–158. [CrossRef]
40. Goutelle, S.; Maurin, M.; Rougier, F.; Barbaut, X.; Bourgignon, L.; Ducher, M.; Maire, P. The Hill equation: A review of its
capabilities in pharmacological modelling. Fund Clin Pharmacol. 2008, 22, 633–648. [CrossRef]
41. Colquhoun, D. The quantitative analysis of drug–receptor interactions: A short history. Trends Pharmacol. Sci. 2006, 27, 149–157.
[CrossRef] [PubMed]
42. Scatchard, G. The attractions of proteins for small molecules and ions. Ann. N. Y. Acad. Sci. 1949, 51, 660–672. [CrossRef]
43. Ghosal, P.; Gupta, A. Determination of thermodynamic parameters from Langmuir isotherm constant-revisited. J. Mol. Liq. 2017,
225, 137–146. [CrossRef]
44. Zhou, X.; Zhou, X. The unit problem in the thermodynamic calculation of adsorption using the Langmuir equation. Chem. Eng.
Commun. 2014, 201, 1459–1467. [CrossRef]
45. Dubinin, M. The equation of the characteristic curve of activated charcoal. Dokl. Akad. Nauk. SSSR. 1947, 55, 327–329.
46. Babaeivelni, K.; Khodadoust, A.P. Adsorption of fluoride onto crystalline titanium dioxide: Effect of pH, ionic strength, and
co-existing ions. J. Colloid. Interface Sci. 2013, 394, 419–427. [CrossRef] [PubMed]
47. Radushkevich, L. Potential theory of sorption and structure of carbons. Zhurnal Fiz. Khimii 1949, 23, 1410–1420.
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